ABSTRACT In this paper, a simple optical vector quadrature de-multiplexer (QD) scheme is proposed for de-aggregating input 10 Gbaud 16/32/64 quadrature amplitude modulation (QAM) signals into two pulse amplitude modulation (PAM) streams. The proposed QD is based on a single bi-directional degenerate phase-sensitive amplifier (PSA), where the wavelength and the polarization status of the extracted in-phase and quadrature components stay the same as the input signal. Since the proposed QD is realized using PSA based on semiconductor optical amplifier (SOA), it is also possible to realize an on-chip QD system, providing an integrated platform for optical signal processing. Through numerical simulation, the transfer characteristics of the proposed QD system show that the SOA-based PSA has a high phase-sensitive gain extinction ratio of 44.1 dB. The constellations, error vector magnitudes (EVMs), and bit-error rates (BERs) of the data streams after the de-aggregation are numerically investigated to verify the proposed QD scheme. For the 10 Gbaud 16/32/64 QAM signals with an input optical signal-to-noise ratio (OSNR) of 25 dB, the deaggregated PAM4/PAM6/PAM8 signals show 6.1, 5.6, and 8.2 dB receiver OSNR improvements at the BER of 10 −3 , respectively. Also, to optimize the performance of the subsystem, the BER performance dependence on the phase difference between two arms in the subsystem is also examined. The simulation results reveal that the proposed QD can accomplish the function of optical vector de-aggregation well for the high-level QAM signals. The proposed QD can be applied to information de-aggregation, format conversion, and direct detection for optical vector signals, which may have great potential values for the flexible optical networks.
I. INTRODUCTION
The approaching of the 5th generation (5G) mobile network forcefully propels the optical network to optimize its network architecture and critical performances such as the network capacity, efficiency, time-delay and flexibility [1] . Among these demands, extending the capacity is a particularly urgent and persistent issue. Multi-dimensional alloptical network (AON) is proposed to relieve the capacity pressure by employing multiple multiplexing technologies and high-order modulation formats [2] . In long-haul networks, the optical vector signals are employed and manipulated in domains of amplitude, phase, wavelength and polarization to improve the transmission capacity and spectral efficiency (SE) [3] like the wavelength division multiplexing dual-polarization quadrature amplitude modulation (WDM DP-QAM) signals. The QAM signals can effectively promote the transmission SE and are extensively researched in over 400G transmission [4] - [6] . Apart from the ultra-large capacity transmission schemes, all-optical signal processing for QAMs is also important to support the QAM-based AON and various processing applications for QAM have been proposed such as wavelength converting [7] , add/drop multiplexing [8] , lossless optical switches [9] and low-noise amplification [10] , [11] .
The QAM signals are usually generated by in-phase and quadrature (IQ) modulation which means the optical vector is two-dimensional and the data information is carried by its I and Q components. All-optical quadrature de-multiplexing is a crucial signal processing function which can extract I and Q components of input optical vector and has vast potential applications like format conversion, information deaggregation and signal detection. Phase-sensitive amplifier (PSA) has great advantage in processing the optical vector signals for its unique phase-sensitive characteristic and various PSA based optical quadrature de-multiplexer (QD) schemes have been proposed. The idea of PSA based QD is proposed by [12] while it can extract only one quadrature of input optical vector at a time. The schemes proposed in [13] and [14] extract the two quadratures of input QPSK vector simultaneously at different wavelengths and polarizations, respectively. With the higher-level modulation formats being commercial progressively, the researches about PSA based QD also aim at higher-level QAM signals. The QDs in [15] and [16] de-aggregate 16QAM signals and the extracted I and Q components are also assigned to different wavelengths and polarizations, respectively. Moreover, the quadrature de-multiplexing for two wavelength channels 16QAM signals is accomplished by [17] and the output components are distinguished by wavelength. Though these schemes realize the de-aggregation for QAM vectors, the different wavelengths or polarizations for the extracted components will bring inconvenience to the following signal transmission or processing. It is a key issue for the optical quadrature de-multiplexing to make the extracted I and Q components keep the same wavelength and polarization status with the input signal. The QD proposed in [18] deaggregates one DP-QPSK into two DP-BPSKs and avoids this problem while it has a complicated QD structure and requires a strict polarization relation among the input QPSK and pump waves.
Another critical issue for the current QD schemes is the system integration. We can see that the nonlinear optical medium employed by the current QD are usual high nonlinear fiber (HNLF) which is difficult to be integrated. While most of the signal processors have strict requirements for the inner link coherence which means the environment issues like acoustic and thermal effects [19] have serious influences on the processing effect. The optical devices integration is a very effective approach to solve this problem and various basic optical devices are realized on a chip like optical coupler [20] , optical filter [21] , optical circulator [22] and wavelength multiplexer [24] which can be basic modules to accomplish some more complicated on-chip optical signal processors and functions like optical digital operations [25] , optoelectronic oscillator [26] , optical frequency combs [27] and logic gates [28] . For the ultra-small footprint, high reliability and high power efficiency, the integrated optical devices draw research attentions and are regarded as the future trend for the all-optical signal processors.
We have proposed a bi-directional PSA based QD scheme in [29] and apply it into the de-aggregation for 16 and 64QAM signals. The bi-directional PSA-based QD has a simple system setup and ensures the output I and Q components have the same wavelength and polarization with the input QAM signals while it also employs one HNLF to be the nonlinear medium. To investigate the possibility for on-chip solution of QD system, we replace the HNLF in [29] by a semiconductor optical amplifier (SOA), a universal and mature onchip nonlinear optical device in practical. There have been proposed SOA-based PSA systems which are demonstrated to be with phase-sensitive characteristics [30] , [31] or as regenerators [32] , [33] . These proposals indicate the integration possibility for PSA while the SOA-based QD system has not been put forward. The constructing devices of our proposed QD system like SOA, coupler, optical filter and wavelength multiplexer are all ready for on-chip integration, the integrated circulator has also been demonstrated based on silica micro-resonator [22] , so the study in this paper provides a possible on-chip solution for the optical vector QD.
In this paper, a single bi-directional PSA based optical vector QD is proposed and the de-aggregations for 10 Gbaud 16/32/64 QAM signals are performed. The wavelength and polarization status of the extracted I and Q components are maintained to be the same with the input QAM signal. Moreover, we choose a SOA to be the nonlinear optical medium of PSA to verify the on-chip QD solution. The QD system transfer characteristics are investigated, and the results show that the QD has a high phase-sensitive gain extinction ratio of 44.1 dB in both I and Q branches. For the de-aggregation of input 10 Gbaud 16/32/64 QAM signals, the constellations, error vector magnitude (EVM) and biterror rate (BER) of the signals before and after the QD are investigated to evaluate the system performance. Comparing with the input 16/32/64 QAM signals, 6.1 dB, 5.6 dB and 8.2 dB receiver optical signal-to-noise ratio (OSNR) improvement are gained by the extracted four-level pulse amplitude modulation (PAM4)/PAM6/PAM8 at the BER of 10 −3 , respectively. The effect of path phase difference on the system BER and the performance difference between I and Q components are also analyzed by the BER performance factor (BPF) which is used to evaluate the BER performance for the signal with different path phase differences. In the following sections, the detailed theoretical derivations, system simulations and performances discussion are presented.
II. OPERATION PRINCIPLE
The optical vector signals like QAM signals are generated by two-dimensional modulation in order to carry the data information on the I and Q parts of the signal. The optical QD is to de-aggregate the optical vector into I and Q parts separately. In this section, we will introduce the concept of 764 VOLUME 7, 2019 quadrature de-multiplexing for optical vector and the operation principle of our proposed on-chip QD.
An optical vector in transmission systems can be mathematically viewed as the multiplication of the carrier vector and the data vector. Thus, it can be expressed as the addition of the I and Q components as follows:
where the A s exp (ϕ s ), A sc exp (ϕ sc ) and A m exp (ϕ m ) are the optical vector, optical carrier and the data vector, respectively. Therefore, the so-called QD process for optical vector is to separate the data vector into I and Q components while maintaining the optical carrier part as shown in Fig. 1 . The schematic diagrams of the proposed QD structure, the on-chip solution and the corresponding signal spectra in the QD process are depicted in Fig. 2 . (a)-(c), respectively. The input signal (Sig) and pump1 (P1) are combined together and then injected into the SOA in opposite directions after the coupler (cpl1). The four-wave mixing (FWM) effects among the injected waves occur in a bi-directional SOA like [34] and then the input signal and its conjugator (Idl) are output at different ports. With the separate signal and conjugator, the optical quadrature de-multiplexing can be accomplished by two-level degenerate PSA. The generation of conjugator was firstly proposed in [35] . Here we revise the configuration and nonlinear media to apply it to the optical vector QD.
As shown in Fig. 2 . (a), the electrical fields of the launched signals at QD input ports A 1 and B 1 can be expressed as:
where A 1 and B 1 are denoted in Fig. 2 . (a) and the input signal A s exp (jϕ s ) is identical to the optical vector in equation (1) . Then the signals after going through the coupler1 (cpl1) at the ponits C 1 and D 1 have the expressions as:
The signals at C 1 and D 1 both have the components of P1, P2 and Sig and then are injected into the SOA in opposite directions. The FWM effects occur in SOA and the idler waves which are the input signal's conjugator are generated. The electrical fields at the points C 2 and D 2 can be expressed as:
where √ G is the amplitude gain of SOA and the A i exp (jϕ i ) is the idler generated in the FWM process. For the principle of FWM, the idler phase fulfills the relationship of ϕ i = π/2 + ϕ p1 + ϕ p2 − ϕ s . After the idler generated, the signals go through the cpl1 again and then the constructive and destructive interferences occur in the coupling process for the phase relationship between the signals which is shown in the third and fourth step in Fig. 2. (c) . We can get the expressions of the signals at the points A 2 and B 2 as:
The Sig and its idler are separated into different nodes and directions, then they go through the circulators (Cirs) and optical band-pass filters (BPFs). The signals' electrical fields at the points G and H can be described as:
Then the Sig and idler are injected into the cpl2 to accomplish the phase sensitive amplification process which can be expressed as:
Here we define θ = π/2 + ϕ p1 + ϕ p2 − 2ϕ sc and m to be the amplitude ratio of the idler and Sig. The equation (7) can be derived as:
We make the m = 1 by controlling the power ratio among P1, P2 and Sig and the nonlinear coefficient of SOA. The key point to realize the phase sensitive amplification process is to VOLUME 7, 2019 keep the θ to be a constant value such as:
where n is integer. In equation (9) , when the θ = π/2+2nπ or θ = 3π /2+2nπ , the data vector of the input signal is de-aggregated into I and Q components and the carrier vector is maintained like the equation (1) and the QD implements the quadrature de-multiplexing function for optical vector. Moreover, under the condition of θ = 3π /2+2nπ, the output phase and power gain of I and Q components can be expressed as:
where the ϕ I and ϕ Q are the output phase of the signals at the I and Q output ports, respectively. We can see from equation (10) and (11) that the I and Q output ports of the QD are both a two-level degenerate PSA and they extract the I and Q components of the data vector in the phase domain, respectively.
The G total , G I and G Q are the power gain of the whole QD system, QD I output and QD Q output, respectively. The equation (12) tells that the QD power gain is sensitive to the phase of input data vector and has a period of π.
The theoretical derivations show that the QD can implement the QD function for input data vector, while maintains the optical carrier basing on the 2-level bi-directional PSA. In the implementation of the QD, there are two practical issues should be considered. One is to prepare phase-coherent continuous waves (CWs) for the P1, P2 and carrier of Sig. The realization of the phase-sensitive amplification process relies on the condition that the phase of θ = π/2 + ϕ p1 + ϕ p2 −2ϕ sc is a constant value. For the moment, it is difficult to generate phase-coherent local pumps for an incoming signal with a free-running carrier. The optical frequency combs based pumps-generation scheme in [13] is a feasible solution for this problem. The other critical issue is to maintain the coherence of the CWs in the de-aggregation functioning process. It should be noted that the environment and device issues have great effects on the coherence among the CWs when the optical waves are transmitted along different paths. Active phase-locking devices or on-chip realization of QD could be a good solutions to this issue. From Fig. 2 (a) , we can see that the signal and idler mostly share the same optical path in the proposed QD system except the paths from coupler1 to coupler2 where the active phase-locking devices should be added to maintain the phase condition of θ = π /2+2nπ or θ = 3π /2+2nπ. Moreover, if the QD is realized on-chip, it can also effectively resist these issues.
III. SIMULATION AND DISCUSSION
The proposed QD scheme is verified by numerical simulations. As shown in Fig. 3 , the input signal (wavelength: The SOA we employ is a traveling-wave SOA model introduced in [36] and the model parameters setting of the SOA are shown in Table 1 . The model considered the stimulated emission, linear, bimolecular, and the Auger recombination and neglects the amplified spontaneous emission (ASE) noise. Moreover, the SOA in the QD is used as a bi-directional nonlinear optical medum, so we built an equivalent structure for the bidirectional SOA by two traveling-wave SOAs which is shown in the bottom right corner of Fig. 3 . Four kinds of input optical vector signals are injected into the QD to evaluate the system performance. A CW light with constant amplitude and an information phase range of (−π/2, 5π/2) is injected into the QD to evaluate the system transfer characteristics. 16/32/64 QAM signals (symbol rate: 10 GBaud) are also injected into the QD to perform the QAM de-aggregations and the QAM signal input OSNR is set by adding amplifier spontaneous emission (ASE) noise at the point A. The ASE noise is also added at the points of E and F to control the receiver OSNR for the de-aggregated signals. The QAM coding scheme and the corresponding relation for the signals before and after the QD which is also the receiving scheme are shown in Fig. 4. 2 15 = 32768 symbols are propagated through the QD to estimate the signal BER by Monte-Carlo method. Through the QD, the output signals are detected and analyzed to calculate the constellations, EVM and BER. Moreover, the effect of the phase difference is discussed and quantitatively analyzed by the BPF which reflects the signal BER performance under different path phase differences. When depicting the constellations and EVMs of the deaggregations, the input OSNR of 16/32/64 QAM signals are set to be 17, 21 and 25 dB, respectively. When calculating the BERs and BPFs, the input OSNR of 16/32/64 QAM signals are all set to be 25 dB for the following unified analysis.
The constellations of the modulated CW signal after the QD are shown in Fig. 5 (a) . We can see that input signal is squeezed into two lines through the QD. It reveals that VOLUME 7, 2019 FIGURE 5. Transfer characteristics of the QD system. the I and Q components are extracted separately from the input optical vector. The gain versus input-phase and outputphase versus input-phase characteristics of the I and Q ports are depicted in Fig. 5 (b) and (c), respectively. The phase transfer curves have a two-level stair-step shape which is consistent with equation (10)- (11) and indicates the nearly optimal two-level phase quantizing feature of degenerate PSA. We defined the gain extinction of the gain transfer curve to be the difference of the highest and lowest values of the PSA gain to input-phase transfer curves depicted in Fig. 5 (b) and (c) . Because of the gain and high nonlinear effects of the SOA, the SOA-based PSA has a relative high phase-sensitive extinction gain ratio of 44.1dB in both quadrature components which is expressed by equation (12) . The PSA proposed in [30] and [31] show the phase-sensitive extinction gain ratio values of their PSA systems are 6.5 dB and 11.1 dB, respectively which can be applied in regenerating BPSK signals while may not suitable for quadrature de-multiplexing. The phase-sensitive gain extinction ratio is an important indicator which shows the performance of quadrature de-multiplexing function. The quadrature de-multiplexing of the QD is accomplished by amplifying the quadrature part we want while attenuating the other one. The value of the phase-sensitive gain extinction is larger, the performance of the quadrature de-multiplexing function is better. Specially, for one QD system, the lowest point of the gain transfer curve must be negative to guarantee that the unwanted quadrature of input optical vector is attenuated.
The constellations and the corresponding EVMs of the input and output signals in the QAM de-aggregations are depicted in Fig. 6 . The constellations and EVM of 16/32/64 QAM signals are performed at the point A in Fig. 3 for the input signals with OSNR of 17, 21 and 25dB respectively. The signals before being added ASE noise at the points of E and F in Fig. 3 are detected to evaluate constellations and EVM for the signals after de-aggregations. The constellations visually tells that the input 16/32/64 QAM signals are de-aggregated into two PAM 4/6/8 signals, indicating the QD simultaneously extracts the I and Q components for input optical vector. From the perspective of EVM, the de-aggregated PAM8 signals have a little higher EVM than the input 64QAM signal (about 1%) and the extracted PAM4 signals have better EVM performances than 16QAM signal. The PSA has the characteristics of phase-squeezing and phase-to-amplitude noise conversion. When the input signal has large input noise like the 16QAM signal, the phasesqueezing characteristic plays a major role in the QD process while the phase-to-amplitude noise conversion characteristic plays a decisive role for the high quality input signal like the 64QAM signal. Moreover, the extracted I and Q components have nearly the same EVM performance of each de-aggregation. Specially, the output PAM signals here are not totally the conventional PAM signals for they have two information-phase status and multi-amplitude levels which can be viewed as the combination of phase shift keying modulation and conventional PAM. The combination of the two modulation technologies leads that this kind of PAM signals have better anti-noise performance comparing with the conventional PAM signals while more complicated detection scheme is needed like cascading an optical delay interferometer and a photo-detector. The QD system we propose is to give a possible solution for an on-chip QD system to accomplish the all-optical quadrature de-multiplexing function. The input QAM signals are employed to verify the quadrature demultiplexing function of the QD and they can be viewed as the special cases of optical vectors.
To evaluate the QD system performance quantitatively, the signals BER are estimated and depicted in Fig. 7 for the input 16/32/64 QAM signals and their corresponding de-aggregated PAM 4/6/8 signals. The de-aggregated PAM signals are received by the de-coding schemes in Fig. 4 and the BER performances show that they are validly detected which verifies that the QD completes the quadrature demultiplexing function and the QD theoretical scheme is feasible. The PAM signals show superior BER performances comparing with the QAM signals. As shown in Fig. 7 , under the input OSNR of 25 dB, the de-aggregated PAM 4/6/8 signals get 6.1 dB, 5.6 dB and 8.2 dB receiver OSNR improvements at the BER of 10 −3 . Moreover, for each of the input QAM formats, the BER versus receiver OSNR curves of the PAM-I and PAM-Q signals almost stick together which proves that 768 VOLUME 7, 2019 FIGURE 6. Constellations and EVMs for QD process. the I and Q components also have nearly the same BER performance.
We have mentioned that the environment and device issues have great effects on the system performance. As shown in Fig. 2 (a) , the QD accomplishes the de-aggregations by injecting the Sig and its idler into the coupler2 and we assume that their carriers are coherent. In the QD process, from the SOA to the coupler1, the Sig and idler share the same path and this issue can be neglected. While from the coupler1 to the coupler2, the Sig and idler are transmitted through different paths so the following coupling is under the influence of the environment and device issues. To investigate the influence VOLUME 7, 2019 of environment and device, variable phase shifts are added at the points C and D in Fig. 3 and the signal BER performances under different system phase differences are estimated. Furthermore, BPF are defined as:
where OSNR 0 and OSNR d are the signal receiver OSNRs at the BER of 10 −3 of the signals with the phase difference of 0 and d, respectively. The extra phase shifts are marked to be positive when they are added at the point C, otherwise they are marked to be negative. BPF represents the signal BER performance in the system with the phase shift of d. A higher BPF means the system has worse BER performance due to the environment and device influences. Fig. 8 depicts the BPFs under different phase differences for the de-aggregated PAM signals. We can see that all the de-aggregated PAM signals have the lowest BPF at the phase difference of 0 degree which verifies that the extra phase shift deteriorates the system performance. As shown in Fig. 8 , when the phase difference is set to be positive, the de-aggregated signals in I branches have better BER performance than the signals in Q branches, whereas the Q components are better than I components. Under the phase difference of 5 degree, the BPFs of I components are 0.25 dB, 0.82 dB and 1.58 dB lower than that of the Q components for the de-aggregated PAM 4/6/8 signals, respectively. Moreover, the BPFs of Q components are 0.34 dB, 0.4 dB and 1.33 dB better than that of the I components when the phase difference is -5 degree. The difference between the two branches signifies that the system phase difference has a bad influence on the BER performance of the I and Q components symmetrically. The BER performance symmetry of higher-order format signal is more sensitive to the phase difference than that of lower-order format signals.
To further analyze the effects of the system phase difference, we sort the BPF data of the de-aggregated signals into I and Q branches and replot them in Fig.8 . As depicted in Fig. 9 , when the BPF is 2 dB, the span of the phase difference are 27.5 degree, 17.8 degree and 11.9 degree for the PAM 4/6/8 in I branch, respectively. In Q branch, the span are 27.5 degree, 16.9 degree and 10.8 degree for PAM 4/6/8, respectively under the BPF of 2 dB. All the curves are with a shape like a trough and the curve of higher-order format signal has narrower troughs in both I and Q components which reveals that the phase difference has more influence on the higher-order format signal BER performance. We can conclude that the system phase difference has effects on the signal BER performance with symmetry between I and Q branches. The higher-order format signal is more sensitive to the system phase difference.
IV. CONCLUSION
A simple optical vector QD scheme is proposed in this paper and the quadrature de-aggregations for 16/32/64 QAM signals are performed. The proposed QD unit contains singlestage degenerate phase sensitive amplification process and maintains the wavelength and polarization status of the extracted I and Q components the same as the input optical vector. The constructing devices for the QD are all ready for on-chip integrations and thus enables a possible solution for on-chip QD system. For 10 Gbaud 16/32/64 QAM signals with input OSNR of 25 dB, the de-aggregated PAM4/6/8 signals show 6.1 dB, 5.6 dB and 8.2 dB receiver OSNR improvements at the BER of 10 −3 . The constellations, EVMs and BERs of the QAM de-aggregations reveal that the QD is wellqualified for the optical vector quadrature de-multiplexing and has excellent system performances. The discussions on the BPF versus phase difference tell that the environment issues have serious influence on the system BER performance and the BER performance symmetry between the de-aggregated I and Q components. The proposed QD has considerable potential in future flexible AON such as the information de-aggregation and format conversion and optical vector direct detection. 
